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ABSTRACT 
In this letter we present a fully complementary-metal-oxide-semiconductor (CMOS) compatible 
microelectromechanical system (MEMS) thermopile infrared (IR) detector employing vertically 
aligned multi-walled carbon nanotubes (CNT) as an advanced nano-engineered radiation 
absorbing material. The detector was fabricated using a commercial silicon-on-insulator (SOI) 
process with tungsten metallization; comprising a silicon thermopile and a tungsten resistive 
micro-heater, both embedded within a dielectric membrane formed by a deep-reactive ion etch 
following CMOS processing. In-situ CNT growth on the device was achieved by direct thermal 
chemical vapour deposition (T-CVD) using the integrated micro-heater as a micro-reactor. The 
growth of the CNT absorption layer was verified through scanning electron microscopy (SEM), 
transmission electron microscopy (TEM), and Raman spectroscopy. The functional effects of the 
nanostructured ad-layer were assessed by comparing CNT-coated thermopiles to uncoated 
thermopiles. Fourier transform infrared (FTIR) spectroscopy showed that the radiation absorbing 
properties of the CNT adlayer significantly enhanced the absorptivity, compared with the 
uncoated thermopile, across the IR spectrum (3 μm – 15.5 μm). This led to a four-fold 
amplification of the detected infrared signal (4.26 µm) in a CO2 non-dispersive-infra-red (NDIR) 
gas sensor system. The presence of the CNT layer was shown not to degrade the robustness of 
the uncoated devices; whilst the 50 % modulation depth of the detector was only marginally 
reduced by 1.5 Hz. Moreover, we find that the 50 % normalized absorption angular profile is 
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subsequently more collimated by 8°. Our results demonstrate the viability of a CNT-based SOI 
CMOS infra-red sensor for low cost air quality monitoring. 
 
MANUSCRIPT 
In the past two decades, the development of increasingly miniaturized IR detectors has been 
predominately driven by the steady growth within the IR sensing market. Applications ranging 
from automotive, medical and industrial to navigation, security, and imaging all require IR 
radiation sensors for two main purposes: non-contact temperature measurement and gas 
concentration detection via NDIR spectroscopy
1
. Two broad classes of IR sensors can be 
identified
2
: photon detectors and thermal detectors. Until relatively recently, cooled photon 
detectors commercially dominated due to their exceptional sensitivity. However, thermal 
detectors can operate at room temperature, thus enabling a wide range of low cost applications 
previously not accessible by photon detectors (nb. uncooled semiconductor diodes, such as InSb 
are of growing interest but still too expensive for mass markets). In order to exploit this, much 
effort has been focused on the development of IR detectors based on thermal principles requiring 
no active cooling. These devices convert electromagnetic radiation into heat, which is then 
converted into an electrical signal which is subsequently processed for sensing information 
extraction. The nature of this thermo-electric transduction can be used to further define three 
thermal detector sub-categories, namely: bolometers, pyroelectric detectors, and thermopiles. 
The entire IR sensing market has simultaneously pushed for a reduction in the price of these 
devices whilst requiring improvement in their performance. The coupling between CMOS 
technologies and micromachining fabrication techniques offers one viable and attractive route to 
achieve high-throughput manufacturing, in a cost efficient production process. Nevertheless, 
materials commonly used in CMOS foundries are often not pyroelectric and have poor IR 
3 
 
absorption properties especially for wavelengths < 8 µm,
3
 a spectral window of importance for 
NDIR gas sensing (e.g. methane and CO2). As a consequence, bolometers and thermopiles often 
require at least one additional post-CMOS (and post-MEMS) processing step for the deposition 
of a radiation absorbing layer. These absorbers can be broadband
4
, such as black porous metals, 
or frequency selective
5
, such as resonant structures. The best approach is typically driven by 
commercial, technology-compatibility, and application related considerations. In this letter, we 
prove, in an application with high commercial value, the effectiveness of vertically aligned 
multi-walled carbon nanotubes as blackbody-like IR absorbing layers integrated onto a CMOS-
MEMS thermopile. Our approach employs an integrated micro-heater to realize in-situ
6
 T-CVD 
growth of the CNT layer in a CMOS-compatible manner with full wafer level scalability 
capabilities
7
. 
It has been long known how to fabricate temperature/radiation sensing devices based on the 
Seebeck effect
8
, which is the physical phenomenon describing the self-generation of a potential 
difference between the open terminals of two dissimilar materials joined together, where the 
open terminals and the junction are subject to a temperature difference. At present, thermopiles 
are mostly fabricated using silicon fabrication technologies, not only because semiconductors 
exhibit high values of the Seebeck coefficient
9
, but also because they enable cost efficient 
production and facilitate integration with circuitry and other sensing devices on-chip. In order to 
obtain performance in line with the market requirements, coupling of semiconductor and 
micromachining techniques is essential. Semiconductor technologies open up routes towards 
miniaturization with the potential for on-chip system integration with IR devices. Nevertheless, 
micromachining is central to enabling implementation of thermal isolation schemes imperative 
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for the reduction of thermal conduction losses which are otherwise detrimental to achieving high 
sensitivity and rapid response times. 
In this work we present an IR detector
10
 (Fig. 1) comprising: (i) a silicon p+/n+ thermopile, with 
cold junctions supported by the substrate and hot junctions embedded within a ≈5 µm thick 
dielectric membrane (1.2 mm diameter); (ii) a tungsten microheater (600 µm diameter), for in-
situ T-CVD growth; and (iii) a P-I-N diode temperature sensor, for cold junction compensation 
purposes. All devices were fabricated in a commercial foundry using SOI CMOS technology 
with tungsten metallization followed by DRIE to release the membrane. The thermopile consists 
of 80 single crystal silicon p+/n+ thermocouples, connected via tungsten contacts to avoid the 
formation of p-n junctions. Each thermocouple leg (150 µm × 20 µm) has its cold (reference) 
junction on the chip substrate and its hot (sensing) junction embedded within the silicon dioxide 
membrane along with a circular heat spreading plate (940 µm in diameter). This spreading plate 
reduces the equivalent thermal resistance from the centre of the membrane to the thermopile’s 
sensing junctions, and so reduces the response time of the detector. A circular multi-ring 
tungsten heater, designed to obtain a highly uniform temperature distribution, is integrated within 
the membrane, chosen to be circular to mitigate induced thermo-mechanical stresses during high 
temperature (700 °C) in-situ T-CVD processing, thereby improving the overall device robustness 
and yield. The diode temperature sensor
11
, embedded close to the cold junctions, provides the IR 
detector chip with ambient temperature compensation capabilities. A silicon-on-insulator (SOI) 
substrate was chosen as the p+ / n+ silicon thermopiles are formed of the thin silicon layer in the 
SOI substrate. SOI also allows high ambient temperature device operation (up to 225°C) whilst 
also offering an inherently high quality thermally grown buried silicon dioxide layer which acts 
as an effective etch stop for the post-CMOS DRIE. 
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The integration of the CNT radiation absorbing layer was achieved in-house by in-situ T-CVD. 
Typically CNT growth requires temperatures in excess of 400 °C, which readily damages the 
CMOS circuitry and the Al pad layer. Due to their design our micro-hotplates are capable of 
reaching temperatures in excess of 750 °C in an isolated localized “hot zone”, without 
compromising the chip functionality. Such micro-heaters can be effectively employed as CMOS 
compatible micro-reactors, and allow viable CNT-CMOS integration at chip and wafer level by 
parallelizing the growth on several devices simultaneously
7
. In the present study, the CNT 
radiation absorbing layer was grown at 25 mbar from a bilayer catalyst Al/Fe (10/1 nm) in a 4% 
H2:C2H2 atmosphere at 700 °C for 10 min. The micro-reactors were controlled with a LabView 
integrated Keithley 2401 source meter. For accurate temperature and growth timing control a 
temperature loop feedback was implemented at the software level. CNT growth was verified by 
optical microscopy (Fig. 1b), where the CNT “forest” is clearly observed on the micro-heater 
area. 
The micro-heaters are characterized by very fast thermal transient times. Our micro-reactors can 
heat from room temperature to 700 
o
C, typically within a few tens of milliseconds, with a 
maximum thermal ramp rate of 10
4
 °C/s. However, in-situ T-CVD proved to be unsuccessful 
under these ultra-fast thermal ramps. The sudden rise or fall of temperature, coupled with the low 
pressure environment required by the CVD process, resulted in catastrophic damage to the 
membranes. To promote optimal CNT growth, the thermal ramp rate for CNT growth was 
controlled (at software level) under equivalent growth conditions at thermal ramps of 1 °C/s, 50 
°C/s, 100 °C/s and 500 °C/s. It was found that the yield increased by reducing the thermal 
transient time, with yields approaching 100 % for thermal ramps < 50 °C/s. Optimal conditions 
were found when the thermal ramp rates were reduced to 10 °𝐶/𝑠; this minimized thermo-
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mechanical stress on the membrane thereby avoiding breakages and concurrently maintaining the 
total growth time < 5 min. TEM analysis (Fig. 2a-b) showed the tubes’ diameter to be 
approximately 8 nm with, on average, 5-9 graphitic side-walls. Minimal dependence of the 
tubes’ diameter and number of side-walls on the ramp rates was observed. Raman spectra (Fig. 
2c), were also consistent with those reported in literature
12
 for multi-walled CNTs and 
marginally affected by the thermal ramp rates (Fig. 2d-e). 
SEM inspection confirmed the successful growth of the vertically aligned CNT based absorbing 
layer (Fig. 3a). The IR absorption properties of the coated and uncoated devices were studied via 
FTIR spectroscopy (Fig. 3b). Transmission (T) and reflection (R) FTIR measurements (normal 
incidence) were coupled in order to obtain the absorption (A=1-R-T) spectral profiles in the 
wavelength range 3 µm – 15.5 µm. The optical aperture of the micro-FTIR system (FTS 7000 
FTIR spectrometer with UMA 600 microscope) was set to image only the heater area of the IR 
detectors. The in-situ grown absorption layer was found to have nearly-unitary absorptivity, in 
contrast to the uncoated detectors which were characterized by an absorption peak around 8.5 
µm, attributed to the Si-O stretching vibration
13
 within the SiO2 membrane, consistent with 
previously reported findings
14
. Even though the CNT IR absorption properties have been 
intensively studied
15, 16, 17, 18, 19
, very little work has dealt with their exploitation in commercially 
practical applications. Lehman et al.
20
 showed that vertically aligned multi-walled CNTs can be 
effectively employed for sensitivity enhancement of pyroelectric IR detectors, while we have 
previously shown
21, 22
 that CNTs can improve the thermo-optical transduction efficiency of IR 
thermal emitters used for NDIR spectroscopy. 
In Fig. 4a we evaluate the performance of the CNT coated IR detectors in a capnometer-like 
NDIR CO2 sensor with a path length of 7.5 mm over the 5 % – 100 % CO2 concentration (CCO2) 
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range. Under IR illumination, the detectors’ signal drops due to CO2 radiation absorption. The 
detector’s signal change (SC), plotted in Fig. 4b, is enhanced by a factor of four following the 
inclusion of the CNT-based ad-layer due to its intrinsic superior opto-thermal conversion 
efficiency. An equivalent improvement is additionally observed in the signal-to-noise ratio, since 
the noise floor of 2 µV is dominated by thermal noise due to the detectors internal resistance and 
noise associated with cabling, and in the sensitivity of the system (𝑆𝑤 𝐶𝑁𝑇 = 14.2 𝐶𝐶𝑂2⁄ , 
𝑆𝑤/𝑜 𝐶𝑁𝑇 = 3.8 𝐶𝐶𝑂2⁄ ), defined as d𝑆𝐶 d𝐶𝐶𝑂2⁄ . The response time of the NDIR system (< 5 s) 
was governed by the flow dynamics of the gas test system. The thermopiles prove to have 
response times of < 100 ms. (Fig. 4c). We further studied the effect of the CNT layer on the 
detectors’ modulation depth; an important figure of merit for NDIR pulse mode operation which 
is commonly used to reduce 1 𝑓⁄  noise and power consumption. The CNT ad-layer was found to 
cause a negligible degradation of only 1.5 Hz in the 50% modulation depth. The detector angular 
absorption profile (Fig. 4d) was also improved following CNT inclusion, with the subsequent 
collimation of the 50 % normalized absorption angular profile improving by 8°.  
In order to assess device robustness, impact tests were performed from a height of 2 m on 
samples bonded inside cap-fitted TO39 packages. All components were not under any external 
physical control; the impact angle varied with each drop as did the recoil heights. Devices were 
optically inspected and electrically tested before and after each drop. No optical and electrical 
changes were observed after a set of 6 drops for multiple devices. The CNT ad-layers exhibited 
excellent adherence on the thermopile passivation layer proving that the extra mass of the CNT 
layer does not to affect the mechanical robustness of the membranes. 
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In conclusion, we have integrated and demonstrated the practical application of CNTs on CMOS 
thermopile IR detectors to realize a nano-engineered radiation absorbing layer via the use of in-
situ T-CVD. We have extensively characterized the CNT layer by optical microscopy, SEM, 
TEM, Raman and FTIR spectroscopy, showing a significant enhancement (+370%) in the 
absorption properties of coated thermopiles relative to their uncoated counterpart. Application of 
the IR detector in CO2 NDIR spectroscopic gas sensor was also demonstrated, resulting in a 
sensitivity enhancement of four times, opening up unprecedented possibilities for nano-materials 
exploitation in the IR micro-sensor market. 
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Fig. 1: (a) Optical micrograph of the IR detector chip (1.6 mm × 1.6 mm), (b) Optical micrograph of the IR detector 
chip after CNT radiation absorbing layer in-situ T-CVD growth, (c) Schematic cross-sectional depiction of the IR 
detector. 
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Fig. 2: (a) Typical TEM micrograph of a multi-walled CNT, (b) CNT diameter (blue) as a function of thermal ramp 
rate (left axis) and number of CNT graphitic side-walls (red) as a function of thermal ramp rate (right axis), (c) 
Typical Raman spectrum of a multi-walled CNT, (d) Raman shift as a function of thermal ramp rate for G peak 
(blue), D peak (green) and 2D peak (red), and (e) ID/IG (green) and I2D/IG (blue) as a function of thermal ramp rate 
(left axis) and full width half maximum of 2D peak (red) as a function of thermal ramp rate (right axis). 
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Fig. 3: (a) SEM micrograph of the CNT-based IR radiation absorbing layer, and (b) Comparison between FTIR 
spectra of CNT coated and uncoated devices. 
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Fig. 4: (a) Raw thermopile output under IR source pulsed excitation (1 Hz, 50 % duty cycle) for different CO2 
concentrations in dry air, (b) Extrapolated sensitivity of NDIR sensor employing coated and uncoated thermopile, 
(c) Modulation depth for coated and uncoated thermopile, and (d) Normalized absorption angular profile for coated 
and uncoated thermopile. 
 
 
